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1 INTRODUCTION

During the period of this project (July 1993 to June 1997), significant progress has been
made towards the design, fabrication, and characterization of new strained layer p-type
GaAs/InGaAs on GaAs and InGaAs/AlGaAs on GaAs quantum-well infrared photodetec-
tors (p-QWIPs) in the 8-14 pm range for staring focal plane arrays (FPAs). Specific tasks
performed during this project include: (i) the design, fabrication, and characterization of
a normal incidence tensile strained-layer p-type InGaAs/InAlAs QWIP on InP with a de-
tection peak at 8.1 um, (ii) the design, fabrication, and characterization of a compressively
strained InGaAs/GaAs p-QWIP with two long-wavelength infrared (LWIR) band peaks at
8.4 and 8.9 pm and a mid-wavelenght infrared (MWIR) peak at 5.5 pum, (iii) the design,
fabrication, and characterization of a compressively strained InGaAs/AlGaAs p-QWIP with
a detection peaks at 7.5 and 5.5 um, (iv) the design, fabrication, and characterization of a
novel Si-doped InGaAs/AlGaAs p-QWIP on a (311) GaAs substrate which exhibited MWIR
response peaks at 3.0 and 5.2 um, (v) the design, growth, and characterization of two com-
pressively strained InGaAs/AlGaAs p-QWIPs with LWIR responsivity peaks at 9.2 and 10.1
pm, (vi) the design, fabrication, and characterization of the first p-type QWIP to utilize the
step bound-to-miniband transition scheme with a peak detective wavelength at 10.4 pm, (vii)
the modeling and characterization of the dark current and noise in p-type QWIPs at low
applied biases, and (viii) the design, fabrication, and characterization of a stacked two-band
two-color compressively strained-layer InGaAs/AlGaAs p-QWIP with responsivity peaks at
10, 5.4, and 4.8 pm. The following sections of this report will cover the technical results
of the study obtained during this reporting period and.the research accomplishments and
publications. A summary of the various types of p-QWIPs studied is listed at the end of
this report in table A.




2 PROJECT SUMMARY

2.1 Research Accomplishments

1. The demonstration and characterization of an ultra-low dark current strained layer
InGaAs/InAlAs p-QWIP with a A, = 8.1 pm. The background limited detectivity was
found to be 5.9 x 10'° cmv/Hz/W at T=77 K with BLIP limited operation up to 90
K. These are the highest reported BLIP conditions for a QWIP.

2. The design, growth, fabrication, and characterization of a compressively strained p-
type InGaAs/GaAs QWIP on a GaAs substrate with peak wavelengths of A\, 2 = 8.4,
8.9 pm and A\,3 = 5.5 pm. Maximum responsivities of 93 mA/W and 30 mA /W were
measured for each respective peak wavelength at 75 K. BLIP performance was achieved
in the long-wavelength infrared (LWIR) detection band at T=70 K and under 0.3 V
of applied bias. This device exhibited a spectral bandwidth of AA/), = 35 % in the
LWIR band and AX/), = 27 % in the MWIR band.

3. The design, growth, fabrication and characteriztion of a compressively strained In-
GaAs/AlGaAs p-QWIP on a (100) GaAs substrate with a peak detection wavelength
of 7.5 pm and a MWIR peak at 5.5 pm. Very low dark current densities were mea-
sured for this device at 77 K. Maximum responsivities of 40 mA/W and 8 mA/W were
measured for each of the respective peak wavelengths at 77 K under an applied bias
of +5.0 V with operation at up to 85 K possible under moderate bias (< 2 V). BLIP
performace was achieved in both detection bands at 63 K within the applied bias range
of -2.7 to 3.0 V. Measured detectivity (D*) at T=81 K and V=1.0 V was 1.06 x 10!°
cmv/Hz/W. Using mechanical techniques for responsivity improvements a detectivity

of 1.66 x 10'° was achieved at 81 K and 1.0 V of bias. In addition, extensive noise

characterization studies were performed and the results are presented.

4. The design, growth, fabrication and characterization of a Si-doped InGaAs/AlGaAs
p-QWIP on a 311 GaAs substrate with peak detection wavelengths at 3.0 and 5.2 ym
in the MWIR band. Highly symmetrical dark current densities were found for this

unstrained device at all measured temperatures (40 to 120 K).




5. The design, growth, fabrication and characterization of two Be-doped compressively
strained InGaAs/AlGaAs p-QWIPs on SI (100) GaAs substrates with peak wavelengths
at 9.3 and 10.1 pm, respectively. The 9.3 um p-QWIP exhibits a peak responsivity of 28
mA /W at T=45 K under a bias of -2.5 V; while the 10.1 um p-QWIP has a maximum
responsivity of 17 mA/W at T=55 K and V=- 1.0 V. BLIP operation is achieved when
the 9.2 um p-QWIP for positive biases under 2.0 V and at temperatures less than 45
K. Similarly, the 10.1 gm p-QWIP exhibits BLIP operation when the applied bias is
under 1.0 V at T=46 K.

6. The design, growth, fabrication, and characterization of a Be-doped compressively
strained InGaAs/GaAs/AlGaAs p-QWIP on SI GaAs with a peak detection wave-
length at 10.4 pm, which utilizes the step bound-to-miniband transition scheme for
photoexcited carrier transport. The observed peak responsivity at T=65 K and V;=3.0
V was 28 mA/W. This device was BLIP limited when T<40 K with the correspond-
ing bias of < |2V/]. The calculated spectral detectivity at T=65 K and V=1.0 V was
determined to be 1.4x10° cmvHz/W.

7. The characterization of the dark current noise performance of a 7.4 um peak p-type
compressively strained-layer quantum well infrared photodetector between 10! and 10°

Hz. A value of 2.6 x 107!® cm? was determined for the scattering cross section at 100

K.

8. The noise characterization of a p-type compressively strained QWIP with a detection
peak at 9.2 um at low applied biases. Using this data, we were able to model the
dark current characteristics of the p-type QWIPs. Excellent agreement was obtained

between the measured and calculated dark I-V characteristics.

9. The characterization of a stacked dual band two-color p-QWIP grown on (100) SI GaAs
with peak responsivities at 10 and 4.8 um in the LWIR and MWIR bands. This device
demonstrates the ability of p-type QWIPs to sense radiation in both infrared bands
of interest separately or simultaneously depending on the readout format. The LWIR
detection peak at A\, =10 ym exhibited a responsivity of 25 mA/Wat V; =2V, T =
40 K, with a FWHM of A)/)A, = 40%, and the calculated detectivity was found to be
D* = 1.1 x 10% cm\/E/W. Two response peaks for the MWIR QWIP were found

-9.




2.2

{

A. Journal Papers:

to be at 4.8 ym and 5.4 pm with maximum responsivities of 12 and 19 mA/W (at T
= 77 K and V, = 5 V), and spectral bandwidths of 21% and 26%, respectively. The
detectivity (D*) for the MWIR stack determined at A\, = 5.4 pm, V; = 1.0 Vand T
= 77 K was found to be 5.5 x10"! cmvHz/W.
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3 P-QWIP THEORY

3.1 General P-QWIP Design Parameters

With the advent of molecular beam epitaxial technologies in the last few decades, device
structures utilizing heterostructure quantum wells have been heavily explored. N-type quan-
tum well infrared photodetectors (QWIPs) have been extensively studied in recent years
[1, 2, 28]. These systems use GaAs/AlGaAs and InGaAs/InAlAs structures for detection
in the 3 - 5 yum mid-wavelength infrared (MWIR) and 8 - 14 pm LWIR atmospheric trans-
mission windows. Since n-type GaAs/InGaAs and InGaAs/InAlAs QWIPs have inherently
low electron effective masses and high electron mobilities, they offer excellent infrared (IR)
detection properties. Due to the quantum mechanical selection rules which prohibit normal
incidence intersubband absorption, focal plane arrays (FPA) using n-type QWIPs must use
either metal or dielectric gratings to couple normal incidence IR radiation into the quantum
well [2, 3, 4]. In contrast, because of the mixing between the light hole and heavy hole states
under either biaxial tension or compressive strain, normal incidence illumination is allowed
for the intersubband transition in p-type QWIPs; thus eliminating the need for metal or

dielectric grating couplers.

3.2 P-QWIP Physics
3.2.1 Strained Layer Growth Limitations and Theory

P-type QWIPs using valence intersubband transitions have been demonstrated [5, 6, 7] in
lattice-matched GaAs/AlGaAs and InGaAs/InAlAs material systems. In general, intersub-
band transitions excited by normal incidence radiation in p-type quantum wells are allowed
since a linear combination of p-like valence band Bloch states exists, which provides a nonzero
coupling between the normal radiation field and valence band Bloch states. The strong
mixing between the heavy hole and the light hole states greatly enhances intersubband ab-
sorption. The drawback of using lattice-matched systems is the fact that the intersubband
transition occurs between the heavy hole ground states and the upper excited states. Be-

cause of the relatively large heavy hole effective mass when compared to the electron effective
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mass, relatively weak absorption and therefore similarly low responsivity is predicted in the
IR wavelength range when compared to n-type QWIPs. In order to increase the absorption
characteristics and responsivity of P-QWIPs, biaxial stress is introduced into the well layers
of the QWIP structure. If the intentionally introduced biaxial stress between the well layers
and the barrier layers contained in the layer thickness (the total thickness of the wells and
barriers) in the P-QWIP structure is less than the critical thickness, then pseudomorphic
or coherent heterointerfaces can be grown without the introduction of defects between the
layers. Based upon the force balance model [8, 28, 29, 30], the equilibrium critical layer
thickness, L., for an epilayer with the lattice constant, a, gfown on a substrate with a lattice
constant, a,, is given as

= () e frvwia. G

where h is the epilayer thickness, © is the angle between the dislocation line and the Burges’
vector, o is the angle between the slip direction and the layer plane direction, 6, is the
lattice-mismatch or the in-plane strain, and v is the Poisson ratio. §, is defined as §, = (a, -
a)/a where §, > 0 for tensile strain and 8, < 0 for compressive strain. Similarly, v is defined

as v = -C13/Cyy. C;;’s are the elastic constants and can be found in reference [9].

The strained-layers have the same effective in-plane lattice constant, a) (i.e., ac,), and
can store the excess energy due to the elastic strain within the layers. The in-plane lattice

constant, aj, can be expressed by [8]

: flLl)]
ay=ay [1+6, (1 + , (2
1= [ ARy~ (2)
where a; , and L;  are the individual layer lattice constants and thicknesses, respectively,

and £, ; are the shear moduli as described by ¢ = (Cy1 + Ciz - 2C%,/Cy1), where the Cyj’s

are elastic constants for the strained material. §, denotes the lattice mismatch between
layers and a; ; are the lattice constants of the strained well and the substrate (or barrier)
respectively. When a; # a,, the coherently strained superlattice structure is no longer in
equilibrium with the substrate. If the lattice constant of the barrier layers is equal to that
of the substrate, the strain will be completely accommodated in the well layers with no
strain in the barrier layers. However, Hull et al. [22] showed that if the individual layer

thickness in the superlattice is less than its critical thickness, even though a) # a,, the loss
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only occurs at the interface between the whole superlattice and the substrate, while the

superlattice itself remains coherent.

3.2.2 Strain Induced Energy Band Shifts

If the QWIP structure is grown along the [100] direction and the strained-layer is within the
critical thickness, L, then a pseudomorphic or coherent heterointerface can be obtained and

the components of the strain tensor [e] are simplified to the expressions given by

€rx = eyy = e” (3)
20

R ( 0:) W

Coy = €y = €y = 0. (5)

In addition to altering the physical parameters of the QWIP, lattice strain can also
induce energy band shifts, which can be used to alter the absorption characteristics of the
QWIP. The strain induced energy band shifts for the conduction band, the heavy hole

subband, and light hole subband can be approximated as follows.

C111 — 012

AE, = 22224, (6)
Cn
AE,, = bgLC”go (7
Cn
(AEhh)z
Eyp = —-AF —_—
AEy, hh + A (8)

where c; is the combined hydrostatic deformation potential which characterizes the splitting
of the I's valence band under strain, and b is the shear deformation potential, and A, is the
spin orbit split-off energy®. The total hydrostatic deformation potential (c; + V,), where

V, is the valence band deformation potential, can be expressed by [10]

1 dE°
a+V,= —5(011 + 2Clz)d_Pg’ (9)

where dE? /dP is the unstrained energy bandgap change with respect to the unit pressure.

The effect of strain on the energy band structure results in the splitting of the heavy
hole and light hole band at the valence band zone center [11] (i.e., the in-plane wavevector ky

= 0), which is degenerate in the unstrained case. When tensile strain is applied between the
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quantum well and the barrier layers {12, 13, 14] along the superlattice growth z-direction,
the strain can push the light hole levels upwards and pull the heavy hole levels downwards.
We can therefore expect that heavy hole and light hole states are inverted at specific lattice
strains and quantum well thicknesses. This phenomena will in turn cause the intersubband
transitions in a QWIP structure to take place from the populated light hole ground state to
the upper energy band states. Since the light hole has a small effective mass (comparable
to the electron effective mass), the optical absorption and spectral responsivity in p-type
QWIPs can be greatly enhanced, as a result of introducing strain in the quantum well. In
addition to the utilization of the light hole states for their small effective masses, etc., certain
heavy hole states under compressional strain may also have similar characteristics, like high
mobilities, small effective masses, and long mean free paths; which in turn favorably alter
the intersubband absorption and transport characteristics, as shown by Hirose, et al. [31].
This is achieved by distorting the heavy hole valence band at and near the zone center via

the introduction of compressional strain.

3.2.3 Energy Band Calculations

To calculate the locations of the energy subbands, we can use the transfer matrix method
(TMM) (13, 15, 33], based on the eight-band k - p model. This model is represented by the

Luttinger-Kohn Hamiltonian [16, 17], H;, which describes the unstrained semiconductor.

H,=H+V(2) (10)
where ) i
Hyy, Hy; Hys Hy
Hyy Hyy H,s H
H — 21 22 23 24 (11)
H3y Hs; Hiz Hsg
| Hy Hsyp Hiz Hy |
with:

Hy = 202(k + k) + 232k
sz — 71;”/2 (kaz: + Kg) + ’71-;'72 kf
Hiz = iv373(ks — ik, )k,
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Hys = B2 (k2 — k) — iv/Byak,
Hys = H,
Hy, = HE,

Hiyy=Hys=H3zy=Hy =0

*
H21 = I1yqs

Hzy = Hyyp

H24 = Hl3
Hy = Hi,

and V(z) is a step function where V(z) vanishes inside the well layers and equals V, in the
barrier layers. The effect of strain is included by adding the Pikus-Bir Hamiltonian [18], H,,
to the general Luttinger-Kohn Hamiltonian. As shown below, the strain Hamiltonian for the

well material is a diagonal matrix.

[ _AE, — AEw, 0 0 0 ]
0 ~AE, + AFE 0 0
H = + ALkk (12)
0 0 —AE. + AFEy, 0
I 0 0 0 AE. + AEy, ]

Using the aforementioned techniques, we can numerically calculate the energy of the zone-
center valence subband levels as a function of well width for any material system under tensile

or compressional strain and also determine the change in the valence subband structures.

All of the previously described calculations are derived from the multiband effective
mass k - p model for a coherently strained structure, which is based upon the perturbation
approximation. In the k- p model, the interactions of S-P type coupling among conduction
(C), light-hole (LH), heavy-hole (HH), and spin-orbit (SO) states combined with spin-orbit
like coupling are taking into consideration to derive the band structures. This results in an
8x8 k- p Hamiltonian and momentum matrix elements. Using the perturbation approxi-
mation, a set of wave functions of Sy/: [1/2,£1/2 >¢; P/ 3/2,£3/2 >, [3/2,£1/2 >;
and Pyjy: |1/2,+1/2 > are used to represent the unperturbed and unstrained basis in the
|J,m; > presentation [23]. m; = £1/2 represents either the electron or LH states, while m;
= £3/2 denotes the HH or heavy particle states. A slightly simplified 6x6 k - p Hamiltonian
can be used to roughly predict the P-like properties of the coherently strained layers by con-
sidering the S-like conduction band states as a perturbation, if a large enough bandgap exists,

like in InGaAs and GaAs layers. The wave functions of the coherently strained superlattice
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at the zone center (k=0) are given by [24]

|3/2,4£3/2 > HHstates (13)
v|3/2,£1/2 > + B|1/2,£1/2 > LHstates (14)
—B|3/2,£1/2 > + A|1/2,£1/2 > SOstates (15)

where v and  are constants which are dependent on the strain parameters. Note that the
heavy-hole states, |3/2,£3/2 >, are still decoupled from the other valence band states even
under biaxial stress at the zone center, while the light-hole and spin-orbit split off states are
coupled at k=0. However, the HH, LH, and SO states are mixed [25, 26] in the coherently
strained superlattice at off zone center (k#0). This mixing between the states with different
m;’s is due to the boundary conditions across the interface of the quantum well layers. By
examining the k - p matrix, we can see that the interaction between the different m; states
is proportional to the transverse components of the wave vector, k, ,, so that the HH states
are decoupled when k,,=0. It is interesting to note that the k;,’s are conserved across
the interfaces since the interface potential depends only on z, the quantum well growth
direction. Thus the band mixing can be significant if the I'-bandgap is small, e.g., with
GaAs and InGaAs, and if the LH and SO bands involved in the transition have a large k,
value [25].

Since the heavy hole and light hole valence subbands are non-degenerate following the
introduction of strain into the QWIP structure, a simpler method can be used to determine
the energies of the subbands. By using the parabolic band approximation near the valence
band zone-center, and the energy band shifts for the conduction band minimum, heavy hole
subband maximum, and light hole subband maximum, we can utilize the simpler two-band
Hamiltonian for electrons just by finding the effective mass of the carriers (i.e., heavy-hole
effective mass and light-hole effective mass) and the barrier heights for each carrier type.
Although this does not simultaneously determine the energy levels of both carriers, it does
allow accurate predictions of the energy subbands. When compared to the direct calculation
of the energy subbands, the two-band approximation yields accurate results when compared
to the direct calculation results [13, 18]. One limitation of the TMM is that this method
cannot calculate the energy levels of the allowed energy subbands in the continuum states.

In order to determine the transition energy from the ground state to the continuous state,

-19 -




we used the Kronig-Penney model to determine the locations of the allowed energy bands in
the continuum states.

When a biaxial internal tension is applied to the well material, the strain pulls the LH
subbands up with respect to the HH subbands for a given well thickness. While quantum
confinement effects tend to push the LH subbands down with respect to the HH subbands.
As the well width is increased above a certain value, the strain effect can overcome the
quantum confinement effect and therefore induce the inversion of the heavy hole and light
hole subbands at the ground state. In contrast, with the application of compressional strain
on the well layers, the strain forces the LH subbands down with respect to the HH subbands

for a given well thickness.

3.2.4 The Transfer Matrix Method for the Calculation of Transmission Proba-
bility

The transfer matrix method (TMM) [33] allows the calculation of the transmission probabil-

ity through a superlattice. Like any typical quantum mechanical barrier or well, the carrier

conduction in each layer of the superlattice consists of the superposition of two components

propagating forwards and backwards. The complete wave function can be expressed as
P = ¢fe+ik‘e'A‘ + z/)i_e_k‘e+A‘ (16)
where

Al = A2=0
A;i = ki(dy+ds+---+d;
t = 3,4,--- N

. 1/2
ko= [QE(E—E;)] ,

where ¥} and v represent the magnitudes of the wave functions propagating in the forward,
or +2z direction and the backwards, or —z direction, respectively. While N is the number of
periods in the superlattice, d; is the thickness of the i-th layer in the superlattice, m} is the
effective mass of the particle in the i-th superlattice layer, and E; is the potential energy of

the i-th layer. Since the wave function, ¢, and it’s derivative, dip/dz, are continuous at the
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boundaries, the wave functions then become
o = (6_1.6‘15;-1 + rie—isi’ﬁi_-pl)/ti (17)

Y = (riei& 1'4;1 + ei&‘/’i}l)/ti- (18)

The recurrence relationship of the wave functions can be written in matrix form as

@) 1 e (o .
7 i \ reth e Vit

where at normal incidence

ki — kiza
N k2 20
" ki + ki (20)

2k;
ti = ——, 21
ki + kipa (1)
and

; = kids. (22)

Which gives us the following form for determining the N + 1-th wave functions

+ + T N
v =5 i =515, vs =5152-- SN Vi ’
oT by (' 1/’1:l+1
S B 1 e—i&.‘ 7',‘6_8"
7R UL =

Since there is no backwards, or in the —z direction, propagation in the N + 1-th layer,

~~

23)

where

the magnitude of the wave function 15, = 0. Thus we can find the ¢} term of E, in the

i-th layer (2 = 2,3, 4, ---, N+1).
If we determine the quantity, ¥} /¥, as a function of E;, then we will know the locations

of the resonant peaks. The transmission probability can be expressed as

¥
Yf

2

A (25)

IT-T|=
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3.2.5 Determination of Intersubband Transitions and Absorption Coeflicients

In addition to the energy level and energy band locations, the calculation of intersubband
and interband transitions are also of great interest. In order to determine the intersubband
and interband transitions in a p-type strained layer QWIP, the usage of the 6x6 Hamilto-
nian which includes the previously mentioned k - p Hamiltonian [16, 17, 24] and the strain
Hamiltonian [18]. Since the strain and the spin-orbit coupling terms do not lift the spin
degeneracy, the 6x6 Hamiltonian matrix can then be factorized into two 3x3 irreducible
matrices. The assumption that the Fermi distribution function is equal to one for the con-
fined ground state and equal to zero for the excited states in equilibrium is used to simplify
the calculation without loss of accuracy. The absorption coefficient for the intersubband or
interband transition between the initial ground state, 7, and the final continuum state, f, is

given by [27]

_ 4rle? 2dk . . b 2 /2=
=2 o o e o= 200 Post i) 9

where n, is the refractive index in the quantum well, m, is the free electron mass, A; ; is

the energy difference between the initial ground state, 7, of energy E;(k) and the final state,
f, with the corresponding energy of E;(k). € and w are the unit polarization vector and
the frequency of the incident IR radiation, respectively, f; and f; are the Fermi distribution
functions of the initial and final states, and T is the full width of level broadening. T' ~ A/7;f,
where 7;; is the lifetime between the initial, 7, and final, f, states. |é- P; | are the optical
transition elements between the quantum well valence subband ground states, ¢, and the
continuum subband states, f, in the HH, LH, and SO bands; which can be derived from the

two 3x3 k - p matrix elements as shown below.

Using the following 3x3 optical matrix,

Tyuy Tur Tus
mO
5 Toy T Tis | (27)
Tsy Tsp Tss
the optical matrix elements, |é- P;¢|, can be obtained. These matrix elements have the
same form as the k - p matrix elements except that the k;k;’s are replaced with k;e; + kje;

multiplied by a constant factor of m,/k [27]. The T;;’s are defined as follows:
Ty = 2(A — B)ezkz + (2A + B)(tig,lc,,c + Eyky), (28)
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Tir = 2(A+ B)ek, + (24 — B)(eks + €,ky), (29)
Tss = 2A(esks + eyky + €:k;) (30)
Ty, = i%N(ex COS 7 — €, 8in n)‘kz - z%Nezk"

—V3B(egky — ,k,) cos x

+%N(exky + €,k;) sin x, (31)
Tys = —%N(ex cosn + €, sinn)k, + %Nezk”

FiVBB ek, — e,ky) cos x

—%N(exky + €,k;) sin x, (32)
Trs = [i2V2Be, + %NGZ‘ cos(x — 1) — €y sin(x —n)| k.

~iV2B(e-ks + €,ky)

-—-%Nezk” cos(x — 27), (33)
Tsu = Tgs, (34)
Tsy = Tis, (35)
Ttw = Ty (36)

Here A, B, N, x,n are inverse mass band parameters [27].

3.2.6 Photoconductive Detection Mode Operation

When IR radiation impinges on a photoconductor, the photoconductive material undergoes
a physical change characterized by a change in resistance, AR,;. This change in resistance is
due to the photo-excitation of carriers, forming mobile excess carriers in the photoconductor.
The excess photogenerated carriers, An, can be expressed as

_ nA(I’TL

An 7

(37)

where, 7, is the quantum efficiency, A® is the incident photon flux, 77, is the excess carrier
lifetime, and V; is the volume of the detector. These photogenerated carriers are transported
out of the detector under the influence of the applied external bias, which results in a

photovoltage signal. The change in the output photovoltage, AV,, due to the resistance
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change is given by

AV, = _M, (38)
(RL + Ry)

where Ry, is the load resistance and its value is typically chosen to be about equal to Ry, the

detector resistance, to match loads and to optimize the output signal.

3.3 P-QWIP Figures of Merit

Although our band structure and absorption calculations can be used to determine the
positions of the subbands in the quantum wells, and hence determine the peak absorption
wavelength of the QWIP, many other factors must be taken into account to design a QWIP
with the correct detection peak. Generally, for a high-performance QWIP, the responsivity

must be high, while the noise current, and hence the dark current, must be low.

3.3.1 Spectral Responsivity
The responsivity, R, for a photodetector may be expressed as [19]

_Mg_ 4
R_ hC G_ hunca (39)

where ¢ is the electronic charge, X is the wavelength of the incident photon, A is the Planck
constant, ¢ is the speed of light, n is the quantum efficiency, 7. is the collection efficiency,
v is the incident frequency, and the photoconductive gain is G. The quantum efficiency and

photoconductive gain are described, respectively, by [19]

n=A(l —R)[1 — exp(—Baly)] (40)
G= t£ (41)

where A is a constant that is polarization dependent, « is the absorption coefficient of the
quantum well, [, is the total width of all quantum well regions, L is the mean free path
of the carrier, R is the reflection coefficient, and ¢, is the total width of all quantum well
and barrier regions. B is a constant dependent on the number of passes IR radiation makes
through the photodetector. For n-type QWIPs, A=0.5, while for p-type QWIPs A=1. The

mean free path of the carrier may be expressed as [19]

L= T, )
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where 7 is the well recapture lifetime of the carrier, Ty, is the transmission coefficient over
the quantum well, pos; is the effective mobility of the carrier, and £ is the electric field. The

effective mobility for a two-band transport model is shown to be [19]

oy = Apnpem + Apuntinn
s App, + Apha

(43)

where Apy, and Apy are the concentrations of optically induced heavy- and light- hole
carriers, respectively, and u, and py, are the respective heavy and light hole mobilities.
When only the ground state is completely occupied, either App or App, the optically
induced light holes or the optically induced heavy holes dominate, so that we may estimate

L as the in-plane effective mass of the ground state carriers.

3.3.2 QWIP Collection Efficiency

A figure of merit that can be easily quantified by simple measurements is the collection
efficiency, n.. The collection efficiency describes the ease in which the energy from the
incident photon flux is converted into mobile carriers which are swept out of the QWIP by
the applied bias and collected; and is defined as the product of the quantum efficiency, 7,
and the photoconductive gain, G.

ne =1G (44)

In addition to being expressed as the mean free path over the total width of the quantum
wells and barriers, G can be viewed as the ratio of the carrier transport lifetime, 7z, to the
transit time, 77, through the QWIP. Empirically, the photoconductive gain can be described
in terms of the capture or trapping probability, p. [34, 35, 36],

1
B Npc(l +PC),

and N is the number of wells. If p, is small, then G can be approximated as, G ~ 1/Np..

G (45)

Physically, the trapping probability is defined as the ratio of the escape time from the
well region to the lifetime of the excited carriers from the confined ground state. If the
excited states are in resonance with the top of the barrier potential energy, then the escape
time will be greatly reduced, which theoretically minimizes the trapping probability and

maximizes the photoconductive gain. Therefore in all of our designs, we attempted to make
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the energy of the upper excited peak for the main detective peak in resonance with the top

of the barrier potential energy.

If Baly, < 1 and p. < 1, an approximate expression for 7. can be written as

1—-p,
ne = A(l—R)[l —exp(—Bal)) Mo,
Baly,

Np. -

where B is a constant dependent on the number of passes the IR radiation makes through

(46)

~ A(l-R) (47)

the photodetector, A is a polarization dependent variable equal to 0.5 for n-type QWIPs
and 1 for p-QWIPs, R is the reflection coefficient, ly,, is the total width of all quantum well

regions, and « is the absorption coefficient.

3.3.3 Dark Current Relationship in a QWIP

Another important parameter to be considered in a QWIP design is the dark current density

(Jz), which can be expressed using the Richardson-Dushman equation [14] as

—-AE
Ji o< T*m*ezp ( T ) , (48)

where m* is the effective mass, AE is the difference in energy between the barrier height

and the quantum confined state in the well, kg is the Boltzmann constant, and T is the
temperature. This type of expression assumes that the dominant source of dark current is

thermionic emission over the quantum well barrier.

In the low-field regime, the thermionic emission current is related to the density of

mobile carriers, n; and the average drift velocity, v4, and can be expressed as [37]
Iir = eAquany, (49)

where A is the active detector area, e is the electronic charge, and

HE
v = 1 2) (50)
L (o]
ng = (m*ka/vrh2L) exp [— (ch - EF) /kBT] . (51)

In the above equations, p is the mobility, ¢ is the electric field, v, is the saturation veloc-
ity, E.s is the cut-off energy related to the cut-off wavelength )., and m*/7h? is the two-

dimensional density of states. The Fermi energy, Er, can be obtained from the expression
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of ND:

m*kBT EF - En
P —_— 2
Np T En In [1 + exp ( T )} (52)

— S (Br - B (59)

m
ah*L

Q

Equation (52) for Np is valid when summed over the subband levels E, below the Fermi

level, and Eq. (53) is only valid at cryogenic temperatures.

Using the previous result in the cryogenic temperature regime, we see that the dark
current due to thermionic emission is exponentially dependent on the doping concentration
in the quantum well, i.e.,

E N
I exp(kB—I;) oc exp(-kB—DT). (54)

Therefore, as the doping density in the quantum well increases, the dark current density due
to thermionic emission also increases exponentially. In contrast to this, the intersubband
absorption is directly proportional to the doping concentration. Therefore, a tradeoff between
the dark current density and the intersubband absorption is required to optimize the QWIP
performance. However, in the case of p-QWIPs, the Fermi level in the quantum well is
pinned at or slightly above the ground state energy for highly doped quantum wells. We can
increase the doping in the quantum well to increase optical absorption without increasing
the dark current of the p-QWIP significantly because the thermionic emission pinned with

the Fermi level.

3.3.4 Noise in QWIPs

The noise in QWIP structures is mainly due to random fluctuations of thermally excited

carriers. The noise is expressed as [5]

Z"n.oiae =V 4Ad qGAdea (55)

where A; is the detector area, and Af is the bandwidth. Finally, a figure of merit measure-

ment used to compare detectors is the detectivity, D*, which is shown to be [19]

D" = /A Al (56)

tnoise
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If the dark current in a particular QWIP is lower than the 300 K background photocur-
rent, then the QWIP can be considered to be under background limited performance (BLIP).
In a BLIP QWIP, the dominant current is due to photon noise, since all the other sources
are negligible by comparison. The photon noise is calculated from the arrival statistics of

the incoherent photons. The background photon noise current, i,,, is given by [20, 21]
12, = 4Aq*ng* Py By /(hv), (57)

where Pj is the incident background optical power, By is the QWIP bandwidth, 5 is the
absorption quantum efficiency, v is the incident photon frequency, and ¢ is the noise current

gain. The photocurrent, [, can be approximated by
I, = A(q/hv)ngPs, (58)

where P, is the incident optical signal power. The constant, 4, in Egs. (46), (47), (57),
and (58), is due to the polarization selectivity for n-type QWIPs versus p-type QWIPs. As
previously stated, for n-type QWIPs, A = 0.5, while A = 1 for p-type QWIPs. By setting
the signal-to-noise power ratio equal to unity, the background limited noise equivalent power,

NEP)prip and the detectivity, Dy, ;p, for n-type QWIPs can be expressed as
BLIP

(NEP)BLIP =2 QhVBPb/?]. (59)

A 17 1/2
D3 =/ A;B/(NEP = P —_ , 60
BLip = V AaB/( )BLIP 2 /3he (Qb) (60)

where A; is the active area of the detector, and @y = P;/(Ahv) is the incident photon flux
from the background for a given spectral bandwidth, Av, and a peak wavelength, A,. Qj is
defined as

2r vAv ., (6
Qb = ?_th/kBT — 1szn2 (5) 3 (61)
where, 0, is the field of view (FOV). For a p-type QWIP, a factor of v/2 is used in the

denominator of Eq. (60), D};,p, since it can absorb both optical polarizations of the incident

IR radiation.
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4 TECHNICAL RESULTS

4.1 An Iny3Gag7As/Ings2Aly 4sAs on InP P-QWIP with Tensile Strain

As can be seen in figures 1(b) and 1(c), we can utilize the strain inherent in a lattice
mismatched system in addition to the engineering of the well thicknesses and barrier layers
to modify the energy band structure of the p-type QWIPs. The strained-layer Ing3Gag.7As/
Ing s3Alp.4sAs P-QWIP as shown in figure 1(a), uses a light hole ground state to heavy
hole continuum state intersubband transition for IR detection. The QWIP structure was
grown on a (100) semi-insulating (SI) InP substrate via molecular beam expitaxy (MBE).
Beryllium was used as the p-type dopant and the structure consists of 20 periods of 40 A
thick Ing3Gag7As quantum wells with a dopant density of 1x101® cm™3 seperated by 450 A
thick barrier layers of undoped Ings;Alg4sAs barrier layers. A 0.3 pm thick cap layer and a
1 pm thick buffer layer of lattice-matched Ings3Gag.47As were grown with a dopant density
of 2x10'® ¢cm™ to serve as ohmic contacts. The contact and barrier layers were designed to
be lattice matched with the InP substrate. The quantum wells are in biaxial tension with
a lattice mismatch of 1.6% between the well layers and the substrate. A 200 pm by 200
pm mesa was then created by chemical etching to facilitate the measurement of spectral
responsivity and dark current of the QWIP. Since the dopant density in the ohmic contact
cap and buffer regions were slightly less than that required for using Au/Cr contacts, an
Au/Zn alloy was used to make ohmic contacts to the p-type QWIP. The ohmic contacts
were thermally evaporated onto the QWIP mesas to a thickness of approximately 1200 A.
The QWIPs were annealed at 480 °C for two minutes to obtain stable and low contact

resistances.

Figure 2(b) shows the measured dark current density from 77 K to 110 K with a 300 K
background photocurrent superimposed. The asymmetric dark current characteristic in this
p-type QWIP was observed due to the band bending in the barrier layers as shown in Fig.
1(a). Due to the extremely low dark current density of this QWIP, it is under background
limited performance (BLIP) for a field of view (FOV) of 90° at a temperature less than 90
K under applied biases from -2.5 V to +5 V and higher. In the forward biased regime, the
QWIP is under BLIP operation up to 100 K with an applied bias of +2.5 V. Figure 2(a)

shows the calculated absorption coefficient at normal incidence for a SL P-QWIP with a 6
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nm well thickness versus that of an unstrained P-QWIP.

The responsivity of the QWIP can be measured as a function of temperature, applied
bias, and incident radiation wavelength. Using a globar and an automatic PC-controlled sin-
gle grating monochrometer, under normal incidence infrared (IR) radiation, we can measure
the photocurrent versus radiation wavelength for both positive and negative biases; which are
shown in figures 3(a) and 3(b), respectively. A peak wavelength at \,=8.1 ym was observed
in the LWIR detection band, which is attributed to the intersubband transition between the
confined ground light hole state, E; 4y, and the continuum heavy hole states, Eggs. The
cutoff wavelength was found to be 8.8 ym which corresponds to a spectral bandwidth of
AX/X, = 12%. The responsivities for the p-type QWIP were calibrated using a standard
pyroelectric detector and lock-in amplifier. Asymmetric responsivities of 34 mA /W and 51
mA/W at +4 V and -4 V bias, respectively, were measured. The maximum BLIP detectivity,
DbLip) at Ap=8.1 um was determined to be 5.9x10'° cm-Hz'/2/W with a responsivity, R of
18 mA/W at +2 V bias with a FOV = 90° at 77 K. The quantum efficiency for the p-type
QWIP was estimated from the responsivity measurements using a conservative photocon-
ductive gain estimate of g=0.015. The %BLIP can be evaluated as follows when the Johnson
noise and readout noise are ignored; with i,, and i,4 are the 300 K background photocurrent
noise and dark current noise, respectively.

%BLIP = W (62)
Using the above expression, a nearly full BLIP detection was achieved at biases with mag-
nitudes less than 2 V, as seen in figure 4. Due to the BLIP detection, the noise equivalent

temperature difference (NEAT) is expected to be improved significantly for this QWIP.

The temperature dependence of the responsivity and detectivity was also explored for
this Ing.3Gag.7As/Ings2Alp 48As SL P-QWIP. Due to the non-uniformities across the QWIP
wafer, the peak responsivities and detectivities varied from device to device. As illustrated
by figure 5, the responsivity increases with increased applied bias at each temperature. For
applied biases above 3 V at 100 K, the sudden drop in responsivity can be attributed to the
onset of non-BLIP operation, as also indicated in figure 2(b). The calculated detectivity at
2Vand 4V of app]ied bias for this device at temperatures ranging from 77 K to 100 K

is presented in table 1. As expected, the detectivity decreases as the temperature increases
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above 77 K, since the inherent dark current density is rapidly increasing with the increasing

ambient temperature and larger applied bias.
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Temperature | Bias | Responsivity | Detectivity
(K) (V) | (ma/wW) | (=)
77 4 12.10 3.92 x 1010
2 5.30 8.10 x 101°
90 4 11.71 3.29 x 1010
2 5.34 7.60 x 101°
100 4 13.04 1.88 x 1010
2 5.69 3.69 x 1010

Table 1. Measured responsivities and detectivities as a function of applied bias and device

temperatﬁre at A,=8.1 pm.
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Figure 1: (a) Schematic energy band diagram for the tensile strain P-QWIP and the cal-
culated energy levels in the quantum well for the P-QWIP (b) without and (c) with 1.6%

tensile strain.
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4.2 AnIny4GapeAs/GaAs on GaAs P-QWIP with compressional strain

Unlike the Ing 3Gag7As/Ing sAlg 4sAs on InP P-QWIP with tensile strain between the layers;
anormal incidence Ing 4Gag¢As/GaAs on GaAs P-QWIP was designed for two color detection
in the 3-5 yum MWIR and 8-14 ym LWIR bands. With this device, we have demonstrated
two color detection in p-type strained-layer QWIPs for the first time.

The p-type compressively strained Ing4GageAs/GaAs QWIP was ‘grown on a semi-
insulating (SI) GaAs substrate via molecular beam epitaxy (MBE). This QWIP structure
consists of 20 periods of 40 A Ing4GaggAs quantum well Be-doped to a density of 4x10®
cm™3 separated by a 350 A wide barrier layer of undoped GaAs. A 0.3 ym cap layer and
a 1.0 pm buffer layer of Be-doped GaAs with a dopant density of 5x10'® cm™ were grown
to serve as top and bottom ohmic contacts. The contact and barrier layers are lattice
matched with the SI GaAs substrate, while the Ing4GageAs quantum well layers are under
biaxial compression with a designed lattice mismatch of approximately 2.8%. Due to the
heavily doped large-bandgap contact layers of this P-QWIP, a large tunneling current from
the triangle potential near the ohmic contact region may be dominant with respect to the
QWIP’s dark current. Therefore a relatively thick (550 ;1) undoped GaAs barrier layer was
grown next to the top and bottom contact layers to reduce this dark current component.

To facilitate the characterization of this P-QWIP, a 200x200 pm? mesa structure was
created by wet chemical etching. An Au/Cr film was deposited onto the QWIP mesas and
the buffer layer via e-beam deposition with a thickness of approximately 1500 A for ohmic
contacts. The semi-insulating GaAs substrate was thinned down to approximately 50 pm
to lower the substrate absorption screening effect, and polished to a mirror-like surface to

reduce the reflection of the normal incidence IR radiation.

Figures 6(a) and 6(b) show the idealized energy band diagram and energy subband
states for the compressively strained P-QWIP. In this case, the intersubband transitions
are from the highly populated heavy hole ground state (Egz;) to the upper heavy hole
continuum states (Eggs and Egpyy) for the 8.9 pum LWIR detection peak and the 5.5 pum
MWIR detection peak, respectively.

The mobility of the heavy-hole is enhanced by the compressive strain in the Ing 4GaggAs

quantum well due to the reduction of heavy hole effective mass by a factor of three®!. Another
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effect attributed to the compressional strain localized in the quantum well is the decrease
of the density of states in the well. This causes more heavy holes to reside in higher energy
states, which effectively raises the Fermi level when compared with the same unstrained
quantum well. The raised Fermi level will cause -an increase in the number of off-center
(i.e., k # 0) free heavy holes with lighter effective mass; which in turn causes a larger
intersubband absorption when exposed to normal incidence IR radiation. Our InGaAs/GaAs
compressional strain P-QWIP has its heavy holes in type-I band alignment, while the light
holes are in the type-II band configuration. The binary GaAs layer used as the barrier layer
should also exhibit superior current transport characterisitics when compared to a ternary
barrier. Finally, the heavy hole excited continuum states are resonantly lined up with the
light hole states; which gives rise to a strong quantum coupling effect. This resonant lined
up effect makes the conducting holes behave like light holes. These resonant heavy holes
exhibit high mobilities, small effective masses, and long mean free paths. Therefore, larger
photoconductive gain and higher photoconductivity are expected for a compressively strained

P-QWIP when compared with an unstrained one.

When compared with the Ing3Gag.7As/Ings2Alg.48As tensile strain P-QWIP and the new
InGaAs/AlGaAs compressive strain P-QWIP, the measured dark current at various temper-
atures is much higher. This device also exhibits an asymmetrical dark current characteristic
(figure 10), like the InGaAs/InAlAs tensile strain P-QWIP, which can be attributed to the
dopant migration effect which occurs during layer growth®2. For a field of view (FOV) of
90° the InGaAs/GaAs compressionally strained P-QWIP is under background limited per-
formance (BLIP) at V;, =03V, T =70 K and V; = 0.7V, T =355 K.

The responsivity of this QWIP was measured under normal incidence illumination as
a function of temperature, applied bias, and incident IR wavelength using a blackbody
radiation source and automatic PC-controlled single grating monochrometer system. Twin
LWIR peaks were detected at A,y = 8.9 pm and Ap; = 8.4 um as shown in figure 7(a). A
single MWIR peak was discovered at A3 = 5.5 um as seen in figure 7(b). At each peak
wavelength, responsivities were measured as 24 mA/W at V, = 0.3 V and 45 mA/W at V,
= 0.7 V for T < 75 K. The twin LWIR peaks covered a broad wavelength band ranging
from 6.5 to 12 pm. The cut-off wavelength for the LWIR band was found to be A, ~ 10 um,
which corresponds to a spectral bandwidth of AA/A, = 35 %. The twin peak wavelengths are
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attributed to the intersubband transition from the confined ground heavy hole state (Erm)
to the continuum heavy hole states (Egys), which is resonantly lined up with the type-II light
hole continuum states. The transition energies for the 8.9 pm and 8.4 pm peak wavelengths
are in reasonable agreement with our theoretical calculations. While the physical origins of
the twin LWIR peaks is not clear, a possible explanation can be given as follows. When
the HH and LH bands in the continuum are strongly mixed, either individual subband can
further split into two sub-subbands due to coupling or interaction, with one shifting up in
energy and the other shifting down in energy. This gives rise to the observed twin detection
peaks in the LWIR band. The MWIR peak observed at 5.5 pm had a wavelength bandwidth
ranging from 4 to 6.5 ym. The measured responsivities of the MWIR band were found to
be 7 mA/W and 13 mA/W at V, = 0.3, 0.7 V and T = 75 K, respectively. The spectral
bandwidth of AA/A,3 = 27 % was obtained with the cut-off Wavelength at A, = 6 pm. The
MWIR detection is attributed to the intersubband transition between the ground heavy hole
state (Egg1) and the upper continuum heavy hole state (Egng4). In this case, no mixing or
interaction between the HH and LH subbands was observed. A probable explanation is that

the weak overlap interaction at higher subband levels prevents the sub-subband formation.

Responsivities for this compressively strained P-QWIP were measured at T = 75 K,
and the results are shown in figures 8 and 9. The responsivity of the twin peak (either A,
= 8.9 pm or Ay; = 8.4 um) LWIR band increases almost linearly with bias voltage for V,
2> -1.6 Vand Vy < 41.2 V. A similar photoresponse was obtained for the detective peak at
Ap3 = 5.5 pm, as shown in figure 9. The gain has a maximum value of 0.13 at V, = 1.6 V.
The linear photoresponse exhibited by this device is due to the photoconductive gain which

varies linearly with bias. The maximum gain, G = 0.13, is the highest value ever reported

in a P-QWIP.
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4.3 An InGaAs/AlGaAs on GaAs P-QWIP with compressive strain layers

A compressively strained p-QWIP based on the InGaAs/GaAs on SI GaAs was designed
using the InGaAs/AlGaAs system for the quantum well/barrier structures, which was grown
on the semi-insulating GaAs. With this new structure, we have demonstrated the continued
viability and flexibility of the p-type compressively strained QWIP system. This structure
exhibits the lowest dark current obtained for a p-type compressively strained QWIP to date,

and exhibits excellent uniformity with respect to staring focal plane array applications.

The p-type compressively strained QWIP was grown on a semi-insulating GaAs sub-
strate by molecular beam epitaxy. It consists of 20 periods of In(y = 0.2)GaAs quantum
wells of roughly 40 A in width p-doped to a density of approximately 2 x 10'8 cm™3, sep-
arated by approximately 500 A wide undoped Al(x ~ 0.15)GaAs barriers. A 0.3 ym cap
layer and a 1.0 pgm buffer layer of p-doped AlGaAs with a dopant density of 5 x 10'® cm™3
were also grown to serve as top and bottom ohmic contacts. The contact and barrier layers
are roughly lattice matched to the SI GaAs substrate so that the InGaAs quantum wells are
in biaxial compression with a designed lattice mismatch of nearly -1.4 %. Since the top and
bottom contact layers are formed from heavily doped, large bandgap materials, a large tun-
neling current from the triangle potential near these ohmic contact regions may dominate
the dark current of the QWIP. Therefore, rather thick undoped barrier layers of AlGaAs
were grown between the contact layers and the QWIP structure to reduce this component
of the dark current. A schematic diagram of this structure is shown in figure 11. The LWIR
hole transition after absorption was designed to be from the heavy hole ground state (HH1)
to the third heavy hole state (HH3), which is slightly below the valence band of the AlGaAs
barrier. The MWIR transition is speculated to arise from the same heavy hole ground state
to the (HH4) extended state. The extremely low dark current density levels most likely arise
for the fact that the barrier height for thermionic emission is higher if the HH3 states were
in resonance with the AlGaAs barrier.

To facilitate the characterization of this compressively strained p-QWIP, a 216 x 216
pm? mesa was etched onto the wafer by wet chemical etching. After patterning via a contact
mask, a thin film of approximately 1200 A of Au /Cr was deposited onto the mesa top contact
and bottom buffer contact layers via e-beam deposition at a relatively slow rate for ohmic

contacts. For this sample, the semi-insulating GaAs substrate was not thinned for ease of
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handling and simplification of the processing steps. Although this does lower the effective
quantum efficiency of the device, by only letting the incident radiation have one pass through
the quantum well layers. Further samples did utilize substrate thinning and a top reflective

layer which indeed improved the device performance.

Figure 12 shows the dark current characteristic of the InGaAs/AlGaAs compressively
strained p-QWIP. When compared with the dark current characterics of the previous com-
pressively strained p-QWIP with a LWIR peak at A = 8.9 ym, at similar device temperatures,
the dark current for the new p-QWIP is roughly two orders of magnitude lower (seé previ-
ous report). As can be clearly seen in this figure, the device is under background limited
performance (BLIP) conditions at temperatures of less than 63 K for applied biases of up to
+ 3 V with BLIP temperatures of up to 70 K possible at biases of lower than approximately
1 V. When compared with the dark current characteristic of the previously studied tensile
strain p-QWIP, the dark current in the compressively strained InGaAs/AlGaAs p-QWIP
is still higher. Like all of the previously studied p-QWIPs, the dark current characteristic
is slightly asymmetric. This .can be attributed to the doping migration effect which occurs

during layer growth, as previously explained32.

Again, in this p-QWIP, the mobility of the heavy-holes are enhanced by the compressive
strain in the InGaAs quantum well due to the reduction of the heavy hole effective mass by
a factor of three®. Another effect that is attributed to the compressional strain localized in
the quantum well layer is the decrease in the density of states in the well. This phenomenon
causes more heavy holes to reside in higher energy states, the net effect of which is to raise
the Fermi level inside the quantum well when compared to the unstrained state. This effect
not only causes an increase in the number of off-center (k # 0) free heavy holes with lighter
effective mass, which in turn causes a larger intersubband absorption when exposed to normal
incidence IR radiation; but it also reduces the effective doping needed in the quantum well,

so that the dark current is similarly reduced.

The responsivity of this p-QWIP was measured under normal incidence illumination
as a function of temperature, applied bias, and incident IR radiation by using a blackbody
radiation source running through an automatic PC-controlled single grating monochrometer
with the appropriate filters attached. A single LWIR peak was detected at A, = 7.4 pym at
liquid nitrogen (LN,) temperatures (T = 77 K) and under an applied bias of 5 V, as shown
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in figure 13. A single MWIR peak was found at A, = 5.5 gm under the same conditions as
previously mentioned, and is shown in figure 14. The respective responsivities for the LWIR
and MWIR peaks were found to be 38 mA/W and 8 mA/W. The LWIR band is rather broad
as illustrated in figure 13, with a cut-off Wa{/elength of A; = 10 gm, which corresponds to
a half-peak spectral bandwidth of AA/A, = 30 %. The asymmetrical responsivity around
the spectral peak is attributed to the long-pass filter characteristic, which has a cut-on at A
= 6.7 um. In figure 15(a), we see the peak responsivity measured as a function of bias and
device temperature. As clearly seen in this figure, the responsivity is linearly proportional
to the applied bias and that the variation with temperature is minimal. The MWIR peak
at A, = 5.5 pm has an approximate wavelength bandwidth ranging from 4 to 6.5 pm, which
overlaps with the expected bandwidth of the 7.4 pm peak. For a cut-off wavelength of 6 pm,
a spectral bandwidth of AM/)A, = 27 % was obtained. Again, the responsivity as a function

of bias was measured and a linear relation was found, as seen in figure 15(b).

Noise measurements were also performed on this p-QWIP using standard noise mea-
surement procedures [38]. A Brookdeal 5004 low noise amplifier (LNA) which has an input
referred current noise S;, ~ 4 x 10727 A%/ Hz was used to amplify the sigﬁal generated by
this QWIP. The spectral density of the output of the LNA was measured using a HP '3561A
spectrum analyzer which has a bandwidth of 100 kHz and allows data collection via com-
puter. In order to extract the device parameters, all the measurements were carried out at

temperatures higher than the device BLIP temperature of 67 K.

The noise spectral density measured at a bias of 1.0 V at 81 K was found to be 6.5 x
10-28 A%2/Hz. Given a device area of 216 x 216 um?, and a measured current responsivity of
12.5 mA/W, we calculated a detectivity, D*, of 1.06 x 10'° cmy/Hz/W at the 7.5 um peak
wavelength. As the bias is increased, the detectivity is decreased due to the increase in dark
current and the noise spectral density. The calculated D* values at 2 V and 3 V of applied
bias are 6.3 x 10° and 3.2 x 10° cmv/Hz/W, respectively. The noise spectral density of
the the p-QWIP as a function of ambient temperature and applied reverse bias voltage is
shown in figure 16. As this figure shows, at a low bias voltage, the number fluctuation noise
translates into current fluctuation noise via the diffusion mechanism. As the applied bias
increases, charge transport becomes drift dominant and the number fluctuation noise couples

to current noise bia the hole drift mechanism; which results in a strong current dependence
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[38].

The next step taken in the characterization of this p-QWIP was to create a structure
that utilizes a thinned substrate layer and a reflective top contact to create a waveguide-
like configuration that increases the responsivity of the QWIP without increasing the dark
current and the noise of the p-QWIP, thereby raising the detectivity a proportional amount.
This p-QWIP mesa structure was again created via wet chemical etching, and the same
120 A of Cr with 1000 A of Au was used as an ohmic contact and a reflective layer. The
substrate was then polished to a thickness of 250 um to create the waveguide-like structure
while retaining quite a bit of mechanical strength. The dark current was measured at 77
K and was found to be in good agreement with that obtained from the previous device.
The responsivity was then measured using the same system, and was found to increase at
least by 33%. Given that this structure has a larger mesa area (by 50%), and taking the
same noise spectral density as the previous sample, we obtain a detectivity (D*) of 1.66 x
10" cmv/Hz/W at T = 80 K and an applied bias of 1.0 V, which gives us a roughly 50%
increase in detectivity. Recent developments show that the substrate layer can be thinned

even further to improve the responsivity and detectivity of the device.
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GaAs/AlGaAs p-QWIP.
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4.4 A novel Si-doped GaAs/AlGaAs on (311) SI GaAs p-QWIP

All of the p-type QWIPs reported so far in the literature have utilized beryllium (Be) or
carbon (C) for the dopant in the quantum well layers. However, both Be and C have
serious shortcomings when used for high carrier concentration regions or very low resistance
contact regions. The problem with carbon is that it is not very compatible with molecular
beam epitaxy. Although Be can be easily used with MBE, it has the problem of a high
diffusion coefficient, so that the dopant migration effect [32] occurs during layer growth in
QWIPs. This effect can lead to the asymmetrical dark I-V characteristics observed in both
the strained and the unstrained p-type QWIPs [4, 39, 40]. To cope with this phenomenon, we
have successfully grown the first Si-doped p-type GaAs/AlGaAs QWIP on a SI (311) GaAs
substrate. The QWIPs built from this sample do not show any of the dopant migration
effect. This is due to the small diffusion coefficient of the Si impurity in the GaAs quantum

well.

It has been shown that Si-doped GaAs grown by MBE exhibits a conductivity type which
depends on the crystallographic orientation of the GaAs substrate and growth conditions.
High concentrations of p-type doping of up to 10?** cm™ can be achieved by doping (311)
GaAs with silicon; which achieves a Hall mobility that is comparable to either Be or C
doping. The GaAs/AlGaAs QWIP was grown in a Varian Modular GEN II MBE system
at 550 °C, with a group V/III beam equivalent pressure (BEP) ratio of 10, which were
optimized for p-doping and material quality. An acceptor concentration of 3 x 10'® cm~3

was achieved by Si-doping under the aforementioned conditions.

The Si-doped p-QWIP consists of GaAs quantum wells with a thickness of 28 A and 300
A wide Alg39GagreAs barrier layers. Forty periods of the quantum well/barrier structures
were grown on the (311) oriented SI GaAs substrate. The quantum wells were doped to
the previously mentioned 3 x 10'® cm™2 to obtain p-type conduction in the quantum well,
while the Alg39Gag.79As barriers were not doped. A 0.5 um thick GaAs cap layer and a 1.0
pm thick GaAs buffer layer were also Si-doped to 3 x 10!® cm™3 to serve as ohmic contact
layers. In contrast to our previous designs, a blocking barrier layer was not grown for this
sample. As a result, the triangle potential formed by the heavily doped ohmic contact layers

contribute to a large tunneling current which was observed in the dark I-V characteristic.

In order to test this device, a 216 x 216 ym? mesa was formed by means of wet chemical
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etching. After which a thin film of 120 A of Cr and a 1000 A filin of Au were deposited by
means of e-beam evaporation on both the cap and buffer layers to serve as ohmic contact pads.
The top ohmic contact consists of a thin ring type structure around the edge of the mesa
with a 50 x 50 um? contact pad for electrical connection. With this contact formation, the
normal incidence IR radiation is allowed to pass through the multi-quantum well layers. The
technique of backside thinning to provide a waveguide-like structure and adding a reflective
layer on the top of the mesa was not considered due to the mechanical brittleness of the
(311) GaAs substrate; although a backside thinned structure can significantly improve the
responsivity of the QWIP.

As shown in figure 17, the dark I-V characteristics of this QWIP are quite symmetrical
in both the forward and reverse biased regions. This is a characteristic of uniformly doped
quantum well layers, since dopants do not pile up along the growth direction of the quantum
wells and therefore create a built-in electric field. Due to the lack of biaxial strain in this
QWIP design, a triangular potential barrier, and the lack of a blocking barrier layer, the
dark current characteristics are not as low as to be expected for a strained-layer p-QWIP.
Two MWIR band peaks were found for this QWIP at 3.0 and 5.2 ym, as seen in figure 18.
Although this device is based upon the 8.0 yum p-QWIP first grown by Levine, et al., the
detection peak does not correspond with that predicted using his model. A possible reason
for this is that during layer growth on the (311) substrate quantum wires can sometimes
be formed throughout the QWIP layer structure. This phenomenon will further confine
the allowed energy states in the QWIP and therefore the detective peaks will shift to the
shorter wavelength bands. Another possible explanation of the detection peak wavelength
shift is that the (311) substrate behaves much like the (110) substrate, which exhibits similar
responsivities in the MWIR band.
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Figure 17: Dark current characteristic for the Si-doped unstrained GaAs/AlGaAs p-QWIP.
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Figure 18: Normalized responsivity for the Si-doped p-QWIP.
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4.5 New compressively strained InGaAs/AlGaAs p-QWIPs for 10.1 and 9.2 xm detection

Although the LWIR band ranges from 8 um to above 14 pm, the main wavelength for usable
detectors can be found at or near 10 um. -Thus, there is a need to develop and characterize
p-QWIPs with peak detectivity and responsivities at or near 10 pm. After analyzing the
data obtained form the 7.4 um compressively strained-layer p-QWIP, we have determined
that the proper band offset in the InGaAs/AlGaAs system is closer to a 60/40 split with
the conduction band offset being 60% of the difference in bandgap energies. Using this
information, we have designed two new Be-doped p-QWIPs with peak detective wavelengths
at 9.2 and 10.1 um. Both of these designs utilize the ground state heavy hole (HH1) to third
bound state heavy hole (HH3) transition for LWIR detection. The HH3 state was designed
to be in resonance with the edge of the barrier valence band edge for lowered dark current
and high responsivity. With the HH3 in resonance with the barrier valence band edge, it was
expected that the responsivity curve could be much broader than that obtained previously

with the 7.4 ym design which utilized a bound-to-bound state transition for detection in the
LWIR band.

Similar to the previous p-QWIPs, the 200 x 300 zm? mesas for these two QWIPs were
created by wet chemical etching. Afterwards, a 120 A thick layer of Cr was deposited, along
with a 1000 A thick layer of Au, to create the ohmic contacts and in this case a top reflective
layer. The (100) SI GaAs substrate was then mechanically lapped to a thickness of 150 pm
to create the waveguide-like structure which the incident IR radiation passes through. It
was found that this substrate thickness was more efficient than the 250 pum structure and
that it still had the mechanical strength to stand up to the ultrasonic bonding process which
electrically connected the QWIPs.

As seen in figures 19 and 20, the dark current characteristics for each of these p-QWIPs
is rather high. If we compare the dark current at a certain temperature for each QWIP, we
see that there is a three times increase in dark current when comparing the 10.1 gm p-QWIP
with the 9.2 ym one. This agrees with the thermionic emission theory since the difference in
energy of these two levels is about 11 meV. Figure 21 shows the current responsivity of the
10.1 pm p-QWIP. From this graph, we obtain a maximum responsivity, R4, of 17 mA/W
under an applied bias of -1.0 V at 55 K. Using the lock-in amplifier to obtain a rough estimate
of the spectral noise density, S, ~ 1.6 x 1072542/ V' Hz. When combined with the mesa area,
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we calculate a detectivity, D*, at 10.1 gm of 1.04 x 10° cm\/}Tz-/W. Further studies on
the noise characteristics of this 10.1 gym p-QWIP and the 9.2 pm p-QWIP are currently
being pursued. It is interesting to note the relative wideness of the responsivity curve
especially compared to the two-color 7.4 ym peak curve. The FWHM spectral bandwidth
of this detector was found to be AA/A = 40%. Figure 22 shows the current responsivity
of the 9.2 um peak p-QWIP. Note the extreme broadness of this responsivity curve with
a peak at 9.2 um which corresponds to a responsivity of 28 mA/W. The FWHM spectral
bandwidth of this device is estimated at AA/A = 54% since the shorter wavelength cut-
off was abruptly terminated by the long-pass filter which has a cut-on at 6.7 pm. Again,
using the lock-in amplifier to obtain an estimate of the noise spectral density of the device,
S, ~ 6.4 x 1025 A2/\/Hz. Using this information and the device area with the measured
responsivity, we determine a detectivity at 9.2 pm and T = 45 K with an applied bias of
-2.5 V of 2.7 x 10° cmyv/Hz/W. Although the the forward bias responsivity is slightly lower
than that measured for the reverse bias case, e.g. 22 mA/W at T=45 K and V=3.0 V we
can expect a higher detectivity due to the lower dark current and the lower corresponding
spectral noise density. Further modifications on this design are in progress in an attempt to
lower the dark current density, and the corresponding noise spectral density, in addition to
narrowing the résponsivity curve. Additionally, further studies into a MWIR peak for both
of these p-QWIPs and further characterization of these p-QWIPs at higher temperatures are

currently being pursued.
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Figure 19: Dark current characteristic for the CSL InGaAs/AlGaAs p-QWIP with a detective
peak at A, = 10.1 ym.
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Figure 21: Measured LWIR responsivity of the A, = 10.1 gm CSL p-QWIP at 55 K and -1.0
V bias. Estimated D* = 1.04 x 10° Jones.
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Figure 22: Measured LWIR responsivity of the A, = 9.2 um CSL p-QWIP at 45 K and -2.5
V bias. Estimated D* = 2.7 x 10° Jones.
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4.6 A New p-type InGaAs/GaAs/AlGaAs SBTM QWIP at 10.4 ym

A new compressively strained-layer (CSL) p-type QWIP with a detective peak at 10.4 pm
based on the InGaAs/GaAs/AlGaAs material system was designed, fabricated, and charac-
terized. The new p-QWIP uses the step-bound-to-miniband (SBTM) intersubband transi-
tion as the basis for infrared detection. With this structure, we have again demonstrated
the flexibility of the compressively strained p-type QWIP system. This structure exhibits
the longest peak wavelength and corresponding cut-off wavelength (>13 um) of any of the
p-type QWIPs previously studied, in addition to exhibiting excellent uniformity from device

to device.

As illustrated in figure 23, the transition scheme for this p-QWIP is from the ground
bound heavy hole state (HH1) to the third excited heavy hole state (HH4), which is in
resonance with the miniband formed by the GaAs/Alp 35GagesAs superlattice (SL) barriers.
This structure creates a potential difference between the SL barriers and the quantum well
which blocks part of the undesirable dark current from the heavily doped ground state in
the wide Ing12GagpgsAs quantum well [41]. The physical parameters described later were
chosen so that the ground state in the wide InGaAs quantum well is well above the top
of the GaAs/AlGaAs SL barrier, and the third excited heavy-hole state (HH4) is resonant
with the ground level of the superlattice miniband (SL1) so that a large quantum well width
is maintained for high quantum efficiency, although the absorption coefficient is sacrificed.
Along the miniband, the photoexcited holes can easily tunnel due to the large overlap of
allowed states in the superlattice barrier at the correct energy, thus transporting through
the superlattice barriers until the hole is reabsorbed into a quantum well or collected by the

ohmic contacts. The calculated transmission coefficient versus energy is shown in figure 24.

The p-type SBTM CSL-QWIP was grown on a (100) S.I. GaAs substrate by molec-
ular beam epitaxy. It is made up of 90 A thick quantum wells Be-doped to a density of
3x10™ cm™3, which populates the ground heavy-hole states (HH1). The quantum well layer
is compressively strained with a lattice mismatch of -0.8%. Surrounding the quantum well
layers are the superlattice barriers which consist of 20 A thick superlattice barriers of un-
doped Alp35GagesAs alternating with 27 A thick undoped GaAs superlattice wells. The
complete superlattice barrier is then made from ten periods of the alternating superlattice

barrier/well structure, which is lattice matched to the GaAs substrate. The whole superlat-
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tice barrier/quantum well formations are then repeated 20 times to create the active layers
of the p-type SBTM CSL-QWIP. Ohmic contacts are formed from a 0.5 pm thick GaAs
cap layer and a 1.0 pm thick GaAs buffer layer, which are heavily Be-doped to 5x10'®
cm™2 and are grown on top of the QWIP stack and between the QWIP stack and substrate,

respectively. The complete layer structure is given in figure 25.

To facilitate the characterization of the p-QWIP, a 216x216 um? mesa was etched
onto the wafer by wet chemical etching. After patterning with a contact photomask, a
thin film of 120 A of Cr was deposited by e-beam evaporation. This layer was topped off
by a 1000 A thick layer of Au to form both the top and bottom ohmic contacts. The
top ohmic contact consists of a ring-like structure around the edge of the mesa with a
50x50 um? contact pad for electrical connection. In this type of contact formation, the
normal incidence radiation is only allowed one pass through the QWIP layers; which limits
the effective quantum efficiency, especially when compared with those backside illuminated,
thinned QWIPs which take advantage of a reflective top layer and waveguide structure to

increase the number of times the incident IR radiation passes through the SBTM QWIP.

Device characterization was performed in a closed cycle helium cryogenic dewar. A HP
4145B semiconductor parameter analyzer was used to measure the dark I-V characteristics
and the 300 K background photocurrent. Under dark conditions, holes can be transferred out
of the quantum wells and produce the thermally generated carriers by two main mechanisms—
thermionic emission out of the quantum wells and thermally generated carriers tunneling
through the superlattice barriers. Given the high aluminum content in the superlattice
barriers (Al fraction is 0.35), a considerable indium content in the quantum well (In fraction
is 0.12), and the effect of the compressive strain lowering the energy of the heavy hole states
in the quantum well regions, the effective barrier seen by the ground heavy-hole states is 299
meV; which should suppress thermionic emission out of the quantum wells. Because of the
heavily doped ohmic contact regions, a large triangle potential is formed which should lower
(or thin) the barrier to thermionically assisted tunneling and thus gives rise to a higher than
expected dark I-V characteristics. Future designs will take this into account and compensate

for the large triangle potential.

Figure 26 shows the measured dark I-V characteristic with the 300 K background pho-
tocurrent superimposed. When compared with a similar n-type SBTM QWIP [41], the dark
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current is much higher. As previously mentioned, the high dark current of this p-QWIP
is attributed to the triangle potential formed by the heavily doped ohmic contact, which

contributes a large tunneling current component to the dark current.

The measured long-wavelength photoresponse for the p-type SBTM CSL-QWIP is
shown in figure 27. A single peak was found at Ap = 10.4 pm, which is in excellent agreement
with the theoretically calculated value of 10 um. With a long wavelength cut-off, A\, > 13
pm, and a half-peak value at 12 ym, we determined the spectral bandwidth to be, A/}, =
20 %. This narrow responsivity bandwidth is consistent with that expected from a bound-
to-miniband transition scheme. The maximum responsivity of 28 mA /W was found at T=65
K and V,=+3.0 V, as seen in figure 28, the responsivity versus bias curve. As seen in the
T=40 K curve, the gain of the p-type SBTM CSL-QWIP has not saturated at V=5.0 V. The
apparent saturation of the photoresponse of the T=65 K curve is due to the limitations of
our amplifiers. At T=65 K, the noise spectral density was estimated as 4.0 x 10~26 A%/Hz
at a bias of 1.0 V. Corresponding to this operating point, the measured responsivity at 10.4
pm was 13 mA/W. Using the above data, the spectral detectivity was determined to be D*
= 1.4 x 10° cmvHz/W.
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Figure 23: The schematic diagram for new 10.4 pm peak compressively strained In-

GaAs/AlGaAs/GaAs p-type SBTM CSL-QWIP.
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Figure 24: The calculated transmission peaks for the InGaAs/AlGaAs/GaAs compressively
strained p-type SBTM CSL-QWIP.
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Figure 25: The layer structure for the p-type SBTM CSL-QWIP.
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Figure 26: Measured dark [-V and 300 K background photocurrents for the p-type SBTM
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Figure 27: The measured photoresponse versus incident IR wavelength at T=60 K, V=2.0
V for the p-type SBTM CSL-QWIP.
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Figure 28: The measured responsivity versus bias at 10.4 um and various temperatures.
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4.7 Noise Performance of a p-type Strained-layer QWIPs

The noise performance of the 7.4 pm peak ultra-low dark current p-QWIP was extensively
studied during this reporting period. The performance specifications of this p-QWIP are

summarized in Table A and are explained in detail in the previous report.

Measurements were carried out using standard noise measurement procedures [38]. A
Brookdeal 5004 low noise amplifier (LNA) which has an input referred current noise, S;, ~
4 x 10727 A?/ Hz, was used to amplify the signal generated by the device. Since this detector
exhibits very low current noise and high dynamic resistance, we were limited by the amplifier
current noise. The spectral density of the output of the LNA was measured using a HP
3561A spectrum analyzer. The device was placed in a nitrogen flow cryostat which allows
for temperature variation between 80 K and room temperature. The cryostat also acted as

an external noise shield.

Figure 29 shows the noise spectra measured from 10 Hz to 100 kHz. In the high frequency
range (f > 1 kHz), the noise spectral density is affected by RC parasitic effects. But after
corrections are made, frequency independent noise levels are found. The noise plateaus are
attributed to hole trapping and detrapping in the quantum well bound states. The data also
indicates that most of the current spectra are frequency independent down to 10 Hz. Only
under high bias, e.g. |Vjias| > 4 V, does excess noise show up in the spectra for frequencies

below 100 Hz.

The noise plateau values plotted as a function of dark current is shown in Figure 30.
From this plot, two distinct regimes of operation can be recognized. In the low field diffusion
dominant regime, noise values are nearly independent of the DC current. The observed low
bias noise values agree with those calculated from the Nyquist expression at zero applied
bias voltage for the measured temperatures. In the high field, drift dominated regime, the
noise values become strongly dependent on the DC current. This general behavior is quite

similar to what Rose predicted for traditional photoconductive devices [42).

From the measured data, we were able to determine the expression for the noise current

plateau values in the drift dominant regime as

4]
Si = 4 Ey—AE L (63)

NAL,Ce™ %7 )

where I; is the dark current, N is the total number of quantum wells, A is the device cross-
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sectional area, L., is the width of the quantum well, By = E, — E, is the energy barrier
seen by the holes in the quantum well states, AE = qA@ + geL,, which is the total energy
barrier lowering including both the electric field effect and the Schottky image effect, ky is
the Boltzmann constant, T' is the temperature, and C is the hole generation rate constant. C
was determined to be 9.4 x 10% cm™3s~!, by fitting measured data with the above equation.
Using this data and the expression for the noise current spectral density in the diffusion

dominated regime,

Ey—AE 2
S; = 4¢*NAL,Ce" 5T )(Lf) , (64)

we can determine the diffusion length, Lp. For this device, the diffusion length was found

to be 450 A.

The following model is used to explain the value of C' and derive a value for the capture
cross section o, within the context of the hole transport mechanism and quantum well
characteristics. Thermally generated heavy holes will move via drift or diffusion in the
barrier region to a neighboring quantum well. These quantum wells are heavily doped with
beryllium acceptors to a concentration of 2 x 10'® cm™3, which results in an inter-acceptor
spacing of about 100 A. Since the well width is only 48 A, these acceptors are postulated
to basically form a thin plane of nearly neutral charge centers. The holes approaching this
monolayer with a thermal velocity determined by barrier parameters will interact with these
Be-centers, triggering a recombination process. Assuming ineffective screening of the Be
nuclei due to the two dimensionality of the surrounding electron gas, the Be perturbation
potential can be approximated by 4—MZ;‘1€T—T, where Z=4 [43]. Note that holes impinging on
the Be-centers gain kinetic energy by crossing the barrier/quantum well interface. Thus the
perturbation potential must equal the energy gained from the barrier/quantum well interface
and the hole thermal energy, or

Zq

4me €1

= Ey+ Ey, (65)

from which o, = 7r? can be calculated.

We calculated at T=100 K, that ¢,(100 K) = 1.9 x 10~'3 cm?. The measured value
that follows from C = NyN,vpo, = 9.4 x 10° cm~3~!. Using N, = 2 x 10'® cm~3 and
bulk GaAs values for N, and v, we find that 0y,e0p = 2.6 x 10712 cm?, which is in good

agreement with the predictions of this model.
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At zero bias, the following picture emerges for QWIP operation. Holes are thermally
generated from the quantum well bound states into the extended states of the device with
equal probabilities for transferring to the neighboring quantum well on the anode or cathode
side, in equilibrium. The hole lifetime of the bound states is large compared to the barrier
transit time, allowing the holes to fully thermalize in the wells. This thermalization process
decouples the statistical fluctuations in hole transport through a barrier from one period to
the next. As a result, the QWIP can be thoughfof as consisting of NV statistically independent
sections made up of a barrier region with two contacts from which the holes are emitted.
In equilibrium, the net hole current through any cross sectional plane is zero, which results
from the detailed balance between two opposing currents, I,. Assuming full shot noise in
each current, the current noise spectral density of a single section becomes Sisection) = 4q1o.
Then the total noise is

Si section 4(]10
Si:' (N )= N = Oi(Nyquist)- (66)

When an electric field is present, producing a voltage drop, V; across a section, then the
total current becomes
Ve

I= Is[l - exp(—EB_T;)] (67)

where I, 1s the‘saturation current. In equilibrium, I, = I, and the total current is zero. With
an electric field, the saturation current will increase due to field induced barrier lowering and
the image effect. So that, I, = I, exp(,cAB—Ig,), and the dark current values can be calculated.
The measured dark current and our calculated results based on the above equations are

shown in figure 31.

Figure 32 shows the dark I-V characteristics of this 9.2 um peak p-QWIP. The current
was calculated assuming a constant applied electric field throughout the device, and at low
fields, the holes are thermally generated from a quantum well and travel, on average, one
period before they trap and fully thermalize into the neighboring quantum wells. Good agree-

ment is obtained between the theoretical calculations (symbols) and the measured results

(solid line).
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Figure 29: Current noise spectral density versus frequency at different bias voltages and
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Figure 31: Measured and calculated dark currents of the 7.4 um peak InGaAs/AlGaAs at

low bias voltages and different temperatures.

- 80 -




Dark current (A)

I 1 ] 1

0 0.1 0.2 0.3 0.4 0.5
Reverse bias voltage (V)

Figure 32: Measured and calculated dark current of the 9.2 um peak p-QWIP at low applied

biases and various temperatures.
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4.8 A Stacked Two-color Two-band Compressively Strained-Layer P-QWIP

The p-QWIP studied in this section is a multicolor stacked P-QWIP for the MWIR and
LWIR two-band detection. Figure 33 shows the energy band diagram of a stacked p-type
compressively strained layer (PCSL) InGaAs/AlGaAs QWIP for the MWIR and LWIR de-
tection. This multicolor QWIP consists of two distinct multi-quantum well stacks separated
by a common ohmic contact layer and sandwiched between he two (top and bottom) ohmic
contact layers. This stacked PCSL- QWIP was grown by the MBE technique on SI (100)
GaAs substrate. The bottom contact consists of a heavily Be-doped GaAs contact layer.
On top of the contact, the Alp.3Gag.7As/Ing 2GagsAs QWIP layer structure was grown for
the MWIR stack. The LWIR QWIP stack was formed by using Be-doped Ing15GaggsAs
quantum wells surrounded with the undoped Alg;GaggeAs barrier layers. The whole stack
was sandwiched between two thin Aly;,GaggAs blocking barriers. Finally, heavily Be-doped
GaAs layers were grown for the top and middle ohmic contacts. Both the LWIR and MWIR
quantum wells are in biaxial compression. This multicolor stacked QWIP used the bound-
to-quasi-bound (BTQB) intersubband transition scheme for detection of MWIR, and LWIR

radiation.

In order to evaluate the performance of the QWIP, a mesa structure with area of 216 x
216 pm?® was formed on the MBE grown QWIP wafer by wet chemical etching for radiometric
and electrical characterization. A narrow ring of Cr/Au film was deposited by E-beam
evaporation to create the ohmic contacts. It is noted that in this type of mesa and ring

contact structures, the normal incidence IR radiation is allowed only one pass through the

QWIP stack.

For this multicolor stacked QWIP, three mesa structures of different thicknesses were
etched to allow separate characterization of the LWIR, MWIR, and the combined stacked
QWIP devices. The LWIR QWIP mesa structure was formed using the top and middle
ohmic contacts, while the MWIR QWIP mesa structure had the top LWIR stack etched
away before the mesa formation. The combined stacked QWIP used the top and bottom

ohmic layers for contacts.

The device characterization was performed in a closed cycle helium cryogenic dewar.
An HP 4145B semiconductor parameter analyzer was used to measure the dark I-V char-

acteristics and the 300 K background photocurrent. Under dark conditions, holes can be
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transfered out of the quantum wells and produce the observed dark current mainly due to
two mechanisms: the thermionic emisson out of the quantum wells and thermally generated

carriers tunneling through the superlattice barriers.

The dark I-V characteristic for the MWIR, LWIR, and the combined stacked QWIP
measured at T = 77 K is shown in Fig. 34(a). As expected the dark current of the LWIR
QWIP stack is several orders of magnitude higher than the MWIR QWIP stack, due to the
exponential dependence of the dark current on the barrier height. As clearly seen in Fig.34(a),
most of the voltage drop is across the MWIR stack due to the much larger dynamic resistance
of the MWIR stack. Figure 34(b) shows the measured I-V curves at T = 40, 60, and 77 K
for the LWIR QWIP stack. The asymmetry in the dark I-V characteristics observed in this
device can be attributed to the dopant migration effect [32].

The spectral responsivity for the MWIR QWIP measured at V=5 V and T = 77
K is shown in Fig. 35. The responsivity measurements were performed with the device
mounted in a closed cycle helium dewar and illuminated by a blackbody source running
through a grating monochrometer and appropriate IR filters. The resulting photocurrent is
amplified and detected by a lock-in amplifier. Results of the measurements revealed that two
photoresponse peaks were observed in the MWIR band at A, ,1=4.8 pm and A pu2=5.4
pm. The 4.8 um peak is in excellent agreement with the ground heavy hole (HH1) to second
bound heavy hole (HH3) transition calculated by the TMM, which predicts a detection peak
at 4.7 um. The detectivity for this MWIR peak was determined to be D* = 3.3 x 10!!
cm\/H;/W at V; = 1.0 V and T = 77 K. The measured spectral bandwidth for the first
MWIR peak was found to be AX/Apmw1=21% and AM/A,mw2=26% for the second peak.
The second, longer wavelength peak is attributed to the transition from the HH1 states to the
second bound light hole (LH2) states within the quantum well. The calculated responsivity
peak for this transition is 5.6 pm, which is also in good agreement with the measured value.
The higher responsivity of the 5.4 ym peak is attributed to the higher absorption coefficent
inherent with the HH to LH transition. The spectral detectivity for this MWIR peak was
found to be 5.5 x 10'! cmy/Hz/W at V, =1.0 Vand T = 77 K.

The responsivity for the LWIR QWIP stack as a function of the wavelength is shown
in Fig. 36. A peak detection wavelength at A, = 10.0 ym was found for the LWIR QWIP

device, which is in excellent agreement with the calculated value of 10 ym from the TMM.
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The maximum responsivity measured at T = 40 K and V = 2.0 V was found to be 25 mA/W,
with a detectivity of 1.1 x 101° cm\/ﬁ;/ W under the same conditions. It is interesting to
note that a very broad response with full width at half maximum bandwidth of 40% was
achieved for this device. Figure 37 shows the relative spectral response of the combined
MWIR and LWIR QWIP stack, displaying one dominant response band at MWIR and two
smaller response peaks at LWIR bands.
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Figure 33: The energy band diagrams and intersubband transition scheme for the two-color

stacked PCSL-InGaAs/AlGaAs QWIP for the MWIR and LWIR detection.
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Figure 34: The dark I-V characteristics for (a) e stacked, MWIR, and LWIR PCSL-QWIP,
and (b) the LWIR QWIP for T = 40, 60, and 77 K.
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Figure 35: The spectral responsivity versus wavelength for the MWIR PCSL-QWIP, mea-
sured at T = 77 K and V = 5 V. Two response peaks at 4.8 um and 5.4 um were observed

for this device.
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Figure 36: The spectral responsivity versus wavelength for the LWIR PCSL-QWIP, measured
at T =40 K and V = 2 V. One response peak at 10 um was obtained for this device.
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Figure 37: The relative photoresponse versus wavelength for the combined stacked PCSL-
QWIP. Three photoresponse bands were detected in this stacked QWIP.
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5 SUMMARY AND CONCLUSIONS

During this research program, we have achieved a better understanding in regards to the
design and characterization of P-QWIPs. We demonstrated a novel strained-layer design
that utilizes biaxial tension on an InP substrate with ultra-low dark current, high.detec-
tivity, high responsivity, and high BLIP operation. This design achieved the highest BLIP
temperature (T < 90 K) over a large bias range with a responsivity peak at 8.1 pm, with
a corresponding detectivity of 5.9 x 10! cmv/Hz/W at 77 K. We have also demonstrated
several reliable, novel compressively strained-layer designs on a GaAs substrate with detec-
tion peaks at 7.4, 8.4, 8.9, 9.2, and 10.1 gm in the LWIR band and 5.5 ym in the MWIR
band with high detectivity, high responsivity, and high gain. We have demonstrated de-
tectivities of 4.0 x 10°, 1.66 x 10'°, 2.7 x 10°, and 1.04 x 10° cmv/Hz/W with the 8.9,
7.4, 9.2, 10.1 pm peak wavelength p-QWIPs. We have shown the application of. p-type
QWIPs with step bound-to-miniband transition schemes in an effort to lower dark current
and noise levels while maintaining normal incidence detection and responsivity. The current
p-type SBTM CSL-QWIPs exhibit a LWIR detection peak at 10.4 ym with a corresponding
D* = 1.4 x 10°cmvHz/W at T=65 K and V=1 V. Additional effort has been made in
the modeling of the dark current characteristics for the 9.2 and 7.4 ym peak compressively
strained p-QWIPs, along with the analysis of the noise performance of the 7.4 um peak p-
type compressively strained p-QWIP. Furthermore, multispectral capabililites on single and
two-stack p-QWIPs have been studied with single devices that exhibit detection peaks at
7.4, 8.4, and 8.9 pm in the LWIR band and 5.5 ym in the MWIR band. The stacked CSL
p-QWIP was analyzed with detection peaks at 10 ym in the LWIR band with correspond-
ing peaks at 4.8 and 5.4 um in the MWIR band. We were able to achieve detectivities of
1.1 x 10 and 5.5 x 10" cmv/Hz/W for the respective LWIR and MWIR peaks for this
stacked device. Finally, in a comparison of p-type unstrained QWIPs and compressively
strained p-QWIPs, we found that the performance of CSL p-QWIPs is roughly one order of
magnitude higher, when comparing responsivities and detectivities for specific cut-off wave-
lengths, than the unstrained p-QWIPs, as seen in figure 38. While CSL p-QWIPs still exhibit
slightly lower detectivities than n-type QWIPs, consideration must be given to the fact that
p-QWIPs are inherently normal incidence devices, so that processing is simplified and that

all of the devices explored in this reseach program have not been optimized, in terms of
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periodicity, barrier width, and focal plane array structure (e.g., backside thinning and top
contact reflectors for multiple pass waveguide-like structures). There is still more work that

needs to be done in order to further improve the performance of strained-layer p-QWIPs.
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Device Ap Responsitivity | Dark Current Density
(strain) (pm) (mA /W) (A/em?)@QTTK, 1V
InGaAs/InAlAs 8.1 18 5 x 1078

(tensile)

InGaAs/GaAs 8.9, 8.4, 5.5 | 45 2.5 x 1072
(compressive)

InGaAs/AlGaAs 74,55 38 1.1 x 10~*
(compressive)

InGaAs/AlGaAs 9.2 28 1.6 x 1072
(compressive)

InGaAs/AlGaAs 10.1 17 5 x 1072
(compressive)

InGaAs/GaAs/AlGaAs 10.4 25 4 x 1072
(compressive)

InGaAs/GaAs/AlGaAs 10.0 25 6 x 1072

(LWIR stack, compressive)

InGaAs/GaAs/AlGaAs 4.8, 5.4 12, 19 6.5 x 1077

(MWIR stack, compressive)

Table A. Comparison of the strained layer p-QWIPs studied.
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Figure 38: The comparison of the (a) photoresponse and (b) detectivity between the strained

and unstrained p-QWIPs at the same operating biases.
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